Studies suggest that physical fitness promotes cardiovascular health, including improved endothelial function and possibly reduced inflammatory responses to stressors. This study examined the effects of fitness on leukocyte-endothelial adhesion in response to an acute exercise challenge. Peripheral blood mononuclear cell (PBMC) adhesion to human umbilical venous endothelial cells (HUVEC) was examined in 18 more-fit and 19 less-fit individuals [mean age 39 yr (SD 11)] before and after a 20-min treadmill exercise at 65-70% peak oxygen consumption. PBMC were isolated from whole blood (FicollPaque) at rest and immediately after exercise. HUVEC were incubated for 4 h in the presence of cytokines IL-1 and IL-8 to activate endothelial adhesion molecule expression. Fit subjects showed a significant reduction in PBMC-HUVEC adhesion after exercise (P Ͻ 0.01) compared with less-fit subjects, who showed no significant change. Regardless of fitness levels, both at rest and in response to exercise, soluble ICAM-1 in the incubation media attenuated PBMC-HUVEC adhesion by ϳ81% (P Ͻ 0.001). The findings indicate that immune cells that demarginate in response to exercise have reduced ability to adhere in individuals who are physically fit, an effect apparently independent of ICAM-1 binding. The findings provide evidence of how physical fitness might protect individuals from inflammatory responses to exercise. endothelium; adhesion; soluble intercellular adhesion molecule-1; peripheral blood mononuclear cell
higher densities of integrins such as CD11a and lower densities of the selectin CD62L (19) . The expression of ␤ 2 -integrins such as CD11a are important for the adhesion of lymphocytes to endothelial cells (4, 5) . Many of the mechanisms of leukocyte endothelial adhesion were elucidated using in vitro human umbilical venous endothelial cells (HUVEC) models. Such studies, representing a broad array of basic and clinical sciences, have demonstrated the effects of cytokine stimulation on upregulating endothelial cell adhesion molecule expression and the mechanisms of leukocyte endothelial cell adhesion (18, 32, 39) .
Acute exercise typically produces a dramatic redistribution in the number and phenotypic profiles of leukocytes in the peripheral circulation (9, 14, 26, 38) . Studies consistently show that a characteristic of these redistributed leukocytes is an increased expression of CD11a on lymphocytes and CD11b on monocytes and a decreased expression of CD62L (16, 17, 31) . The decrease in CD62L in response to stressors is related to the increase in integrin expression (29) . Our laboratory has previously shown that the acute exercise-induced increase in CD11a expressing lymphocytes is attenuated in fit individuals (11) .
In light of observations that physical fitness promotes cardiovascular health through anti-inflammatory mechanisms, as well as a relative reduction of leukocyte CD11a expression after exercise in fit individuals, this study examined the effects of physical fitness on PBMC-HUVEC adhesion after an acute exercise challenge in a group of fit and not fit individuals.
METHODS
Subjects. Thirty-seven volunteers participated after providing written, informed consent. Other than mild hypertension in 10 of the subjects (blood pressure Ͼ140/90 mmHg but Ͻ180/110 mmHg), all subjects were identified as healthy after a history and physical by a physician. All potential subjects underwent an ECG to ensure that there were no cardiac abnormalities before participation, and only those with normal ECGs were studied. Individuals who had a history of heart disease, liver or renal disease, diabetes, psychosis, severe asthma, pregnancy, morbid obesity (%ideal body weight Ͼ150), or current use of prescription medication were excluded. Volunteers were recruited from the local community and compensated financially for their participation. The protocol was approved by the University of California, San Diego (UCSD), Institutional Review Board.
Protocol. Subjects completed the Leisure Time Exercise Questionnaire (LTEQ) to assess subjects' habitual exercise (8, 12) . LTEQ is a simple self-administered questionnaire designed to measure an individual's regular physical activity level. A total score was calculated by multiplying frequencies of weekly exercise of different intensity by nine (strenuous), five (moderate), and three (mild) representing an approximation of metabolic equivalent values (8, 13) .
Subjects were instructed not to use medications (anti-inflammatory medications in particular) 1 wk before testing but to inform the investigators if the need arose for the use of such medications, in which case the testing date would be postponed. Subjects were also instructed to refrain from caffeine, vigorous exercise, alcohol, and smoking for 24 h before the exercise tests.
Testing took place on the UCSD Medical Center General Clinical Research Center and Pulmonary Function Laboratory between 8:30 AM and 11:00 AM. Exercise tests were administered by a certified cardiopulmonary technician under the supervision of a physician and a study investigator. Subjects first underwent a peak oxygen consumption (V O2 peak) test on a treadmill using the standard Bruce protocol where the speed and grade of the treadmill increased gradually from 1.7 miles/h and 10% every 3 min. Subjects' expired gas was analyzed by Sensormedics metabolic cart equipped with Vmax software (version 6 -2A), and ECG was recorded using Marquette CardioSoft V.3 (GE Medical Systems, Milwaukee, WI). Oxyhemoglobin saturation was monitored using pulse oximetry (Ohmeda, Datex, Louisville, CO), and perceived effort during the exercise was recorded using Borg's 6 -20 scale ratings of perceived exertion (6) .
PBMC-HUVEC adhesion assay. In preparation for a testing day, frozen HUVECs (Clonetics, San Diego, CA) were rapidly thawed and transferred into a collagen coated T-75 flask and diluted with 19 ml of endothelial growth media (EGM) (21) . The cells were incubated at 37°C, 5% CO 2 and media replaced with fresh EGM after 24 h. Cells reached 90% confluence after 3 days and were removed with trypsin incubation for 7 min. The trypsin was neutralized with serum, and the cells were transferred into a 50-ml centrifuge tube for two wash spins at 1,400 rpm for 15 min. Cells were counted in a hemocytometer and diluted to (10 -30) ϫ 10 4 cells/ml in 40 ml and transferred into two (20 ml each) collagen coated T-75 flasks. Cells reached 90% confluence after ϳ4 days. Cells were diluted to 1 ϫ 10 6 cells/ml. Plates were seeded with HUVEC at a concentration of 5,000 -10,000 cells/well in 24-well plates. HUVECs were incubated for 4 h with EGM as a control condition and with EGM plus a cytokine cocktail of IL-1 (2 ng/ml) and IL-8 (50 ng/ml). Cytokines induce HUVEC adhesion molecule expression, leading to increased leukocyte-HUVEC adhesion (18, 39) . One-half of the wells also contained 350 ng/ml of soluble ICAM-1 (sICAM-1) to examine its ability to inhibit PBMC-HUVEC binding. The whole blood obtained before and after exercise was preserved with heparin and immediately put on ice. PBMC were isolated by Ficoll-Paque separation and diluted to a concentration of 15 ϫ 10 6 cells/ml for all subjects and added to the plates for a final at a concentration of 1.5 ϫ 10 6 cells/well. PBMCs were incubated with HUVECs to allow for binding for 1 h. Nonadherent cells were removed by gently washing with culture medium, centrifuged, resuspended in culture medium, and counted with a hemocytometer (21, 32) . Adhesion was expressed as a percentage of cells that adhered under the cytokine-stimulated condition over the nonstimulated control condition and as a percentage of cells that adhered under the cytokine-stimulated plus sICAM-1 condition over the nonstimulated control condition (21) .
Subjects were categorized as more fit (n ϭ 18) or less fit (n ϭ 19) by median split of the V O2 peak. There were not enough fit subjects to enable a fit by less-fit comparison according to a fitness categorization based on age-and gender-specific body weight-adjusted V O2 peak criteria (7). Data were analyzed by ANOVA and two group (more vs. less fit) ϫ two time (pre-vs. postexercise) ϫ two condition (with sICAM-1 vs. without sICAM-1) repeated-measures analysis of covariance (ANCOVA; SPSS 12.0 Statistical Software). Post hoc contrasts were examined by t-test. Statistical significance was considered at P Ͻ 0.05.
RESULTS
Demographic and metabolic characteristics are presented in Table 1 . By definition, more-fit subjects had higher V O 2 peak values (F ϭ 90, P Ͻ 0.001). Fit subjects were also younger, had lower body mass index (BMI) and lower diastolic blood pressure (F Ͼ 4.8, P Յ 0.05). As would be expected, more-fit subjects scored higher on the LTEQ, indicating more regular physical activity compared with less-fit subjects (F ϭ 6.83, P Յ 0.01).
ANCOVA (using age, screening diastolic blood pressure, and BMI as covariates) of the metabolic variables during steady-state exercise showed that more fit subjects had a higher average metabolic equivalents (F ϭ 21.8, P Ͻ 0.001) but a similar average respiratory exchange ratio compared with lessfit subjects during the exercise challenge at 65-70% V O 2 peak (Table 2 ). Average ratings of perceived exertion were similar between the two groups, confirming that all subjects exercised at a relatively same intensity (Table 2) . ANCOVA (using age and BMI as covariates) of blood pressure during steady-state exercise showed that more fit subjects had lower diastolic (F ϭ 11.2, P Ͻ 0.01) and systolic BP responses (F ϭ 6.7, P Ͻ 0.01) during exercise.
PBMC-HUVEC adhesion. The effects of exercise on PBMC-HUVEC adhesion were examined by repeated-measures ANCOVA, using age, diastolic blood pressure, and BMI as covariates. This analysis yielded a significant group ϫ exercise ϫ sICAM-1 interaction (F ϭ 4.24, P Ͻ 0.05). Post hoc analysis revealed that more-fit subjects had a significant reduction in adhesion postexercise (from 30.2% at rest to 15.7% postexercise) (P Ͻ 0.01) (Fig. 1) . Nonfit subjects did not show a significant reduction in adhesion in response to exercise (from 26.2% at rest to 20.4% postexercise) (Fig. 1) . The presence of sICAM-1 in media reduced adhesion similarly Values are means (SD). *P Ͻ 0.001; †P Ͻ 0.01.
(ϳ80%) in both groups at rest and in response to exercise (P Ͻ 0.001) (Fig. 1) . We also ran separate repeated-measures ANCOVAs to examine the potential effects of hypertension and gender on PBMC-HUVEC adhesion. The 10 subjects with mild hypertension were not on antihypertensive medication at the time of testing. There were no significant effects of hypertension or gender on adhesion in this sample. There were not enough subjects to examine possible fitness by hypertension or fitness by gender interactions.
DISCUSSION
In attempts to understand how physical fitness promotes cardiovascular health, prior studies have examined vascular endothelial function. These studies suggest that being physically fit is associated with enhanced endothelium-dependent vasodilation (24, 36) , although such findings have not been universal (22) . Whereas loss of endothelial vasodilatory function is thought to contribute to the increased risk of atherosclerosis and thrombosis, fewer studies have examined the effects of physical fitness on leukocyte function as a mediator of atherogenic-associated changes in endothelial tissue. In humans, in vitro lymphocyte adherence to a nylon matrix was reported to be reduced in athletes compared with healthy sedentary individuals (30) . In BALB/cJ mice, a moderateintensity aerobic exercise training program attenuated leukocyte infiltration to the lung (25) .
To expand on previous findings, this study examined in vitro adhesion of PBMC to a standardized endothelial cell line prestimulated with cytokines to upregulate endothelial cellular adhesion molecules. Although we did not observe a significant effect of fitness on PBMC adhesion at rest, group differences were observed in response to the exercise challenge. The reduced in vitro adhesion of PBMCs after exercise in the more-fit subjects suggests that exercise leads to a circulatory environment of reduced leukocyte adhesion to endothelial cells in more-fit individuals. The acute response to exercise is a redistribution in the number and phenotypic profiles of leukocytes in the peripheral circulation, including a decreased expression of CD62L and an increased expression of CD11a on lymphocytes and CD11b on monocytes (16, 17, 31) . Based on such observations, one might expect an increase in their adhesion to endothelial cells. Our laboratory has previously reported that more fit individuals have significantly fewer CD11a expressing leukocytes after exercise compared with less fit individuals (11) , which led us to expect a relative reduction in adhesion in the more fit subjects. However, a conformational change to the activated form of CD11a/CD18 is necessary for effective high avidity binding for firm attachment of leukocytes to endothelium (3). Exercise might not be lead to conditions necessary for sufficient CD11a/CD18 activation (3, 35) .
Whereas endothelial ICAM-1 activation supports leukocyteendothelial adhesion, sICAM-1 acts to inhibit adhesion because it binds to CD11a/CD18 leaving less available CD11a/ CD18 for endothelial ICAM-1 binding (1, 23) . We found that sICAM-1 in the incubation media had the same inhibitory effect on PBMC adhesion in fit as in less-fit subjects. Given our laboratory's earlier observations in fit subjects of decreased CD11a expression on peripheral leukocytes after exercise (11), we expected a smaller inhibitory effect of sICAM-1 in our more-fit subjects. Although prior studies indicate that the number of CD11a-expressing cells increase anywhere from 35 to 110% with acute exercise (11, 16, 17) , the inhibition of adhesion in our study was similar regardless of whether the cells were taken before or after exercise. Thus, regardless of an anticipated higher PBMC CD11a expression postexercise in less-fit subjects, sICAM-1 led to a similar degree of inhibition of PBMC adhesion to HUVECs in all subjects. We chose to focus on ICAM-1 as a potential mechanism because of our laboratory's prior observations (11, 16) . In pilot studies, we had examined 350 and 700 ng/ml concentrations of sICAM-1 for their ability to inhibit PBMC-HUVEC binding. These concentrations were chosen from the literature to represent medium and high circulating levels, respectively (33) . The 700 ng/ml concentration nearly completely eliminated adhesion, whereas the 350 ng/ml concentration decreased it by our target of ϳ70%. We thus used this concentration in the study. In addition to ICAM-1, cytokine-stimulated HUVEC express other adhesion molecules that are relevant to leukocyte adhesion, including VCAM-1 and E-selectin (18, 32, 39) . It could Fig. 1 . Peripheral blood mononuclear cell (PBMC) adhesion to human umbilical venous endothelial cells (HUVEC) at rest and after 20 min of steadystate exercise at 65-70% peak oxygen consumption in 18 fit and 19 nonfit individuals. Top: percentage of cytokine-stimulated over nonstimulated condition. Fit subjects showed a significant reduction in PBMC-HUVEC adhesion after exercise compared with less fit subjects (P Ͻ 0.01). Bottom: percentage of cytokine-stimulated plus 350 ng/ml soluble ICAM (sICAM-1) over nonstimulated condition. Regardless of fitness levels, both at rest and in response to exercise, the presence of sICAM-1 in media attenuated PBMC-HUVEC adhesion ϳ80% (P Ͻ 0.001).
certainly be the case that an effect of fitness on endothelial adhesion is mediated by other adhesion molecules.
Our fit subjects were younger and had lower blood pressure and a marginally lower BMI. This would be expected given that this group of individuals was much more physically active than the less-fit subjects. We controlled for these differences statistically. In addition, we ran a repeated-measures ANOVA without these covariates, and the same significant finding of reduced adhesion in the more-fit subjects was evident, suggesting that the difference in adhesion was likely related to differences in fitness rather than these other factors.
In summary, findings from this study suggest that immune cells that demarginate in response to acute exercise in more physically fit subjects have a reduced ability to adhere to endothelial cells. The mechanisms of this effect require elucidation, but the findings suggest how physical fitness might protect individuals from excessive inflammatory responses to acute stressors.
